The hydrophilic corrosion inhibitor of dihydroxyethyl ammonium O,O'-di(4-methyl pheny)dithiophosphate (DAOP) was synthesized. Meanwhile, the crystal structure, surface activity and corrosion inhibition of DAOP were presented in this work. The weight loss and potentiodynamic polarization measurements results all shows that DAOP is an effective hydrophilic corrosion inhibitor for Q235 steel (QS-235) in 1.0 M H2SO4. Potentiodynamic polarization measurements present that DAOP is a mixed-type inhibitor, which adsorbed on QS-235 surface attributable to both physisorption and chemisorption.
INTRODUCTION
Materials corrosion are presented in all fields of national economy. It is not difficult to find whether from daily life to transportation, chemical industry, machinery, metallurgy, or from cuttingedge science to national defense industry, all fields where materials are used, there corrosion problems are inevitable [1] [2] [3] [4] [5] . Corrosion will not only cause economic losses, but also cause the waste of resources and energy, as well as environmental pollution and potential safety risks [6] [7] .
Pickling corrosion as one of the classical corrosion, it can be slowed by using corrosion inhibitors, resulting from many advantages including economy, high efficiency and universality [8] [9] [10] . Many corrosion inhibitors with excellent corrosion inhibition properties are one-component organic compounds, which can adsorb on the metal surface to form a protective film by the interaction between heteroatoms (S, N, P, O) and metal vacant orbitals [11] [12] [13] . It is necessary to develop new excellent organic corrosion inhibitor for protecting metal corrosion.
Based on the relationships between corrosion inhibition performance and inhibitors structures, the different compounds of O,O'-diaryldithiophosphates may be as effective inhibitors. In our previous studies, the O,O'-diaryldithiophosphates derivatives as excellent organic corrosion inhibitors were reported [14] [15] [16] , however, all the reported compounds of O,O'-diaryldithiophosphates derivatives have the low solubility in aggressive medium (different acid solutions). In order to improve the solubility of O,O'-diaryldithiophosphates derivatives as corrosion inhibitors, some hydroxyl group (-OH) would be introduced into the molecular structure of corrosion inhibitor to improve its solubility, so dihydroxyethyl ammonium O,O'-di(4-methylpheny)dithio-phosphate (DAOP) would be prepared and characterized.
EXPERIMENTAL

Materials
Reagents, solvents and materials used in this work are described as follows 
Performance evaluation
Surface activity evaluation: Surface tension was measured on A101Plus fully automatic surface tensiometer. Surface tension was used to evaluate the surface activity of DAOP as surfactants in double distilled water (surface tension 70.43 mN m -1 ) at 30 °C.
Corrosion inhibition evaluation: (i) Potentiodynamic polarization measurement: the QS-235 electrode (working electrode), saturated calomel electrode (SCE, reference electrode) and platinum electrode (Pt electrode, counter electrode) as the triple-electrode system were choose to conduct polarization measurement with the scan rate of 0.5 mV s -1 . The inhibition efficiency (IEPPM, %) exhibited by polarization measurement was obtained using by equation (1) [17] [18] . (ii) Weight loss measurement: This measurement was described in many studies [19] [20] . Here, the inhibition efficiency (IEWLM, %) and corrosion rate (v) were obtained from equation (2) and (3), where v is the corrosion rate, m is the mass of test samples, S is the superficial area of test samples (S = 28.4 cm -2 ), t is time of immersion for corrosion.
RESULTS AND DISCUSSION
Crystal structure of DAOP
A single crystal with dimensions 0.21 × 0.20 × 0.19 mm 3 for the hydrophilic compound of dihydroxyethyl ammonium O,O'-di(4-methylpheny) dithiophosphate (DAOP), was confirmed for structural determination at 150 K with the θ range of 2.535 -25.010 o . 
CCDC number
The numbers of observed and unique reflections are 14435 and 3723 (Rint = 0.0291). The data was integrated using the Siemens SAINT program [21] . The structure of DAOP was solved by direct method and refined on F 2 by full-matrix least-square using SHELXTL [22] [23] [24] [25] . And crystallographic data, the selected bond and angles for DAOP were listed in table 1and 2. The crystal structure of DAOP was exhibited in figure 1. It can be found that DAOP crystallizes in monoclinic system with space group of P21/c. An expected distorted tetrahedral environment around phosphorus atom in the anion [(4-MePhO)2PS2]can be clearly seen with two sulfur and two oxygen atoms making up the coordination sphere. Extensive weak hydrogen bond interactions were found among the anions (4-MePhO)2PS2and cation (HOCH2CH2)2NH2 + ( figure 2 and table 3 ). The N1 … S2 and O3 … S1 hydrogen bonds, 3.378 (2) and 3.139 (2) Å, respectively, were formed for every molecular, and this N1 … S2 distance was consistent with those values of the analogous dithiophosphate ammonium salts [29] . Notably, every two cations (HOCH2CH2)2NH2 + forms a dimer by O4 … O3 (3.307 (3) Å) and N1 … O3 (2.866 (3) Å) hydrogen bonds. These dimers were connected to anions (4-MePhO)2PS2through O3 … S1, O4 ... S1, and N1 … S2 hydrogen bonds, forming a supramolecular layer in the bc plane ( figure. 2b and 2c) .
The bond lengths of P1 -S1 and P1 -S2 for DAOP were 1.9696 (9) and 1.9528 (8) Å, respectively, which was compared well with the analogous ammonium salts of O,O'bis(aryl)dithiophosphates (1.942 (2) -1.971 (2) [26] [27] [28] [29] and cyclic dithiophosphates (1.945 (2) -1.967 (2) Å) [33] [34] . The S1 -P1 -S2 bond angle for DAOP was 116.70 (4) (3) O1 -P1 -O2 96.90 (9) O1 -P1 -S1 110.33 (6) S2 -P1 -O2 112.98 (6) S2 -P1 -S1 116.70 (4) S2 -P1 -O1 111.58 (7) C1 -O1 -P1 121.29 (13) S1-P1 -O2 106.49 (6) C8 -O2 -P1 124.91 (13) 
Surface activity
The effect of concentrations on surface tension for DAOP in double distilled water at 30 °C was presented in figure 3 . It was not difficult to find that as the concentration of DAOP increases, the surface tension decreases and finally tends to be stable. Meanwhile, the observation was recorded for DAOP up to critical micelle concentration, which can be used to calculate critical micelle concentration of DAOP. The data of critical micelle concentration was obtained from the break point in the surface tension -log C plots, which was 40.04 mmol L -1 . Moreover, the γcmc (surface tension) at critical micelle concentration was 32.18 mN m -1 . The πcmc (maximum surface pressure) can be calculated by the following equation: πcmc = γ0 -γcmc, where γ0 is 70.43 mN m -1 , and the πcmc is 38.25 mN m -1 . Based on the above results, which shown that DAOP is an excellent surfactant. 
Potentiodynamic polarization measurement
The potentiodynamic polarization curves and their polarization parameters for QS-235 corrosion in 1.0 M H2SO4 in the absence and presence of different concentration (0 -100 mg L -1 ) of DAOP at 30 °C were revealed in figure 4 and table 4. From this figure and table, it can be found that the cathodic curves and anodic curves all shift to lower current densities for QS-235 corrosion in1.0 M H2SO4 with different concentration (0 -100 mg L -1 ) of DAOP. At the same time, it can be clearly seen from table 4, that there is a significant difference in corrosion current density between 1.0 M H2SO4 with and without DAOP. Here, the current density is much higher for QS-235 in 1.0 M H2SO4 absence of DAOP comparing with which presence of DAOP, and current density increases with DAOP concentration decreasing. In addition, it can be found both cathodic and anodic Tafel slopes (βc and βa) decreased with DAOP increasing. With DAOP concentration increased to 80 mg L -1 and 100 mg L -1 , the IEPPM (%) reach to 98.8% and 99.6%, respectively. The high inhibition efficiency indicates that DAOP is a new excellent corrosion inhibitor for QS-235 in 1.0 M H2SO4. In addition, according to the changes of corrosion potential to distinguish the types of corrosion inhibitors, it found that all the corrosion potential changes (ΔE) were less than 60 mV, which indicated that DAOP as the corrosion inhibitor is a mixed-type inhibitor [6, 14, 15, 16] . The inhibition efficiency (IEW, %) for QS-235 in 1.0 M H2SO4 with different concentration (0 -100 mg L -1 ) of DAOP 30 °C was presented in figure 5 . It was obvious that, the IEW (%) increased with the concentration of DAOP increasing, when the concentration of DAOP increase to 80 mg L -1 , the IEW (%) change slightly with the concentration continuously increases. With the concentration of DAOP increased to 100 mg L -1 , that the IEW (%) was 99.2%, which also demonstrate that DAOP is an excellent corrosion inhibitor for QS-235 in H2SO4 solution.
Weight loss measurement and adsorption isotherms
Meanwhile, the data showing in figure 5 were used for fitting to describe the adsorption behavior of DAOP on QS-235 surface in 1.0 M H2SO4 [37-38]. Although different adsorption isotherms can be selected to describe the adsorption behavior of corrosion inhibitors, only Langmuir adsorption isotherm is most suitable for describing the adsorption of DAOP on QS-235 surface in 1.0 M H2SO4 seeing in equation (4), (5) and figure 6. From figure 6 , it can be found that has a good linear relationship between c/θ and c, and the value of R 2 obtained by fitting is 0.99482. The value of R 2 close to 1 indicated that the adsorption of DAOP on QS-235 surface in 1.0 M H2SO4 is suitable to be described by Langmuir adsorption isotherm. In addition, the adsorption free energy ( a 0 ) can be calculated by equation (6), (7) and fitting results (seeing in figure 6 ), which was -35.23 (kJ mol -1 ). The 
